Abstract-This study aims to evaluate the capacitive measurement method at low frequencies for determining the moisture content in soybeans. Furthermore, a technique for measuring the moisture content of soybeans at different temperatures is proposed. A practical cylindrical capacitor was designed for the experiments. Capacitive measurements at frequencies of 1 kHz, 10 kHz and 100 kHz were performed using an LCR meter. Two varieties of soybeans were used in the tests, and the differences were evaluated. The errors of the proposed method were analyzed, and the correlation between moisture content and capacitance was verified. The influence of temperature on the measurements was also quantified. Polynomial models are proposed to compensate for temperature variations. It was found that reasonable precision can be achieved at 100 kHz using the temperature compensation provided by the designed models.
One of the most important steps in soybean preparation is the drying process. After the harvest, soybeans must be dried to levels between 10% and 13% (wet basis) of the MC (moisture content), which is achieved by processing the soybeans in a dryer. The process of drying the soybeans to the correct moisture content level extends the storage time of the seeds by inhibiting mold and insect activity in the storage environment [1] . Furthermore, when the seeds are properly dried, they are less likely to be damaged by splitting or cracking during handling [2] .
To achieve an efficient and appropriate drying process, it is essential to control the air flow, temperature and linear velocity in the drying chamber as the seeds travel through it. Feedback control loop methods with on-line measurements of the seeds' moisture content are applied to provide an efficient drying process by relating different combinations of the above variables to the moisture content. Optimization and control of the drying parameters ensure proper quality of the seeds and decrease the cost of production due to energy savings, reduced maintenance costs and shorter drying times [3] .
Standard gravimetric methods for estimating the moisture content in grains or seeds require mechanical equipment and are time-consuming and susceptible to various errors in measurement. Such methods, therefore, are unsuitable for realtime measurements.
The electrical properties of grains and seeds can also approximate the moisture content with reasonable accuracy [4] . A close association between the electrical resistance of wheat grains and their moisture content was reported in the beginning of the last century [5] . A historical report on the advances in measuring grain moisture content by detecting their electrical properties was presented by Nelson et al. [6] . Over the years, the radio-frequency range has been conventionally adopted for capacitive measurements. Nevertheless, additional studies have indicated that measurements at microwave frequencies may also be a good option for sensing moisture content by providing a densityindependent method [7, 8] .
Variations in the dielectric properties of soybeans have been studied using a sensor based on a cylindrical capacitor [9] . Results have indicated that under lower measurement frequencies, the change in the dielectric constant of soybeans is greater than at high frequencies, with respect to the moisture content.
The development of an electronic instrument to measure the moisture content of seeds, nuts and grains was reported by Kandala et al. [10] . Empirical equations for calculating the moisture content were determined for capacitive measurements carried out at frequencies between 1 and 5 MHz. The results indicated that such measurements are in reasonable agreement with the traditional air-oven method, with precision errors of less than 1%.
A microprocessor-based grain moisture measurement system was developed by Rai et al. [11] . The authors used a parallel plate capacitor for sensing the moisture content in a range from 5% to 25%, with an accuracy of +/-0.5%. The device was also designed to compensate for temperature variations.
Over the years, most studies have adopted radio-frequency and microwave ranges to study moisture content sensors based on the capacitive method. The present work aims to test this method at lower frequencies (1 kHz to 100 kHz) to confirm whether good precision is achievable under such conditions. To rapidly sense the moisture content of soybeans with temperature compensation, additional measurements were performed within a temperature range of 25 ºC to 60 °C. If the applicability of this method is confirmed, it would enable, for example, the development of inexpensive moisture content meters due to the simplicity of the electronic circuitry required for these measurement conditions. To achieve the goals set forth above, the study was divided into the following steps: a. To estimate the error of the measurement process under the described condition; b. To test two varieties of soybeans; c. To quantify the influence of temperature on the capacitive measurements; d. To propose polynomial models for determining soybean moisture content with temperature compensation.
II. MATERIALS AND METHODS

A. Basic Principles
The cylindrical capacitor is composed of two coaxial cylinders with different radii. The capacitance of this device is proportional to its geometrical dimensions and the electrical permittivity of the material between the metal plates. In this model, the dimensions are the length L, the radius of the larger cylinder R 1 and the radius of the smaller cylinder R 2 . The resulting capacitance can be approximated as follows:
where C is the read capacitance,  r is the dielectric constant of the material between the plates and  0 is the electrical permittivity of vacuum (8.854 x 10 -12 F/m). The geometry of the capacitor is held fixed throughout the entire study, and only the relative permittivity of the material between the cylinders changes according to variations in moisture content and temperature.
The moisture content of the soybean samples was reported in dry basis, which is calculated as follows:
where MCDB is the moisture content of the sample in dry basis, m w is the mass of water contained in the soybeans and m d is the dry mass of the sample.
B. Measurement Methods
The capacitor used in the experiments was constructed from two co-axial steel cylinders 100 mm in length. The larger cylinder had an internal radius of 27 mm, and the smaller cylinder had an external radius of 10 mm. The larger cylinder was positioned as the external plate of the capacitor, and the smaller cylinder was mounted as an internal plate. The cylinders were assembled over a plastic polymer base designed to maintain the distance between the metal cylinders and to close one of the extremities of the capacitor.
A LCR meter was used to measure the capacitance of the device. The LCR meter determines the capacitance of an electronic device via the impedance method and provides several impedance parameters and formats. The parallel model of impedance measurement was chosen to measure the capacitance and parallel resistance of the designed cylindrical capacitor. The frequencies adopted during the measurements were 1 kHz, 10 kHz and 100 kHz. The applied voltage for measuring the capacitance was 1 V RMS . The basic accuracy of the LCR meter was 0.1% of the readings.
The LCR meter was connected to a computer via a USB-GPIB interface adapter. A computer program was developed to acquire and store the data. In addition, the program was able to command the LCR meter to automate the measurements.
The temperature readings were collected using a LM335 solid-state voltage output sensor. The sensor was mounted in its basic configuration, in which the output voltage varies by 10 mV/°K. The temperature measurements were acquired in a computer using a PCI (Peripheral Component Interconnect) acquisition board and a computer program. When calibrated at 25 ºC, the LM335 sensor has a typical accuracy better than 0.25 ºC in the range of 25 ºC to 60 °C. Fig. 1 shows a block diagram of the system setup for performing the capacitive and temperature measurements. A 4-digit precision electronic balance, with an operating range of 0 to 200 g and a readability of 0.1 milligrams (mg), was used to measure the weight of the soybean samples. The seeds were placed in aluminum crucibles that could withstand the experimental temperature range and that allowed for uniform transmission of the heat for the soybeans inside the air oven.
C. Samples
Two varieties of Glycine max (L.) were used in the experiments. The samples were obtained from different farms in Paraguay (Sample A) and Brazil (Sample B). The Brazilian sample had an initial moisture content of approximately 21% (dry basis), and the Paraguayan sample had a moisture content of approximately 23%. The varieties differed in size and color tone (all predominantly beige).
Approximately 240 g of each sample was gathered. The weights of the samples were measured with the soybeans inside three crucibles (one crucible was measured at a time). The values were recorded to calculate the moisture content of the samples (in dry basis) at the end of the experiment.
D. Measurements
Each of the two soybean samples was first weighed with an electronic balance and then placed in the aluminum crucibles. Afterwards, the samples were dried in a hot-air oven at 130 °C over different durations. The time steps (total time that the soybeans remained in the oven) started with 20 minutes for the first three steps. The next two steps lasted 30 minutes. Then, there was a step of 60 minutes. Lastly, there were two steps of 90 minutes. In total, the samples passed through seven steps and 6 hours of drying in the air oven. At each step, the weights of the samples were measured after the cooling process.
The samples cooled inside the cylindrical capacitor for each step. The resultant capacitance and temperature were measured using the LCR meter and the thermistor while the sample cooled inside the capacitor. The LCR meter was set for frequencies of 1 kHz, 10 kHz or 100 kHz. The data were read, processed and stored in the computer using a specially developed program. The measurement temperatures ranged from 52 °C to 25 °C.
To determine the repeatability error arising from repositioning the seeds inside the capacitor and possible bulk density variations, the capacitance was measured by replacing the soybean samples inside the capacitor 10 consecutive times for each drying step. This procedure was performed after the soybeans had cooled to ambient temperature (approx. 25 °C).
The procedure described above led to a set of data for each sample drying step, which ultimately allowed us to obtain a correlation between the measured capacitance and temperature and moisture content.
Using the experimental results, nonlinear polynomial correlations were calculated for MC with respect to capacitance and temperature. The correlations were tested using the RMSE (Root Mean Squared Error) and MR (Maximum Residuals).
III. RESULTS
A. Repeatability Error
The procedure used to determine the influence of seed repositioning in the capacitor indicated an inherent random error. The chart in Fig. 2 shows the results for the capacitance measured for each moisture content step for the three test frequencies and the two soybean samples. The error bars represent the seed repositioning error. The confidence interval of the measurements was estimated using Student's tdistribution, with 95% confidence bounds and 9 degrees of freedom.
The measurement error increased with the moisture content of the tested seeds. The largest deviation was found at 1 kHz for a moisture content of 21%, which resulted in a confidence interval of ±9 pF. In contrast, the confidence interval of the measurements at 100 kHz was less than 1.2 pF at the same moisture level. When the moisture content of the seeds was 0%, i.e., when all of the free water was removed, the standard deviation was less than 0.03 pF for all samples and measurement frequencies.
The chart shown in Fig. 2 indicates that the change in the dielectric constant of the seeds with increasing moisture content is greater for measurements at lower frequencies. This finding confirms previouslyreported results for other types of grains and seeds [6, 8, 9, 12, 13] .
The measurements in Fig. 2 also show that the dielectric constant of the seeds approaches the same value when the seeds are completely dry, independent of the measurement frequency or sample. Despite the differences between the two seed varieties, the results show that samples A and B exhibited similar behavior, especially for measurements at 100 kHz.
1) Signal-to-noise ratio analysis
To assess the ability to measure moisture content in the presence of repeatability errors, we examined the signal-tonoise ratio (SNR). In this study, the signal is considered the 
where µ is the mean (according to the MC) and σ is the maximum standard deviation of the sample within the moisture content range (occurring at MC=21%). Larger SNR values indicate better precision. Table I shows the SNR for the three test frequencies.
The lowest signal-to-noise ratio was observed for measurements at 1 kHz (11.2 and 9.9 for samples A and B, respectively), although this frequency provided the highest sensitivity. In contrast, measurements at 100 kHz showed more potential for determining the moisture content of the soybeans for both samples. In the latter case, the SNR was 32.4 and 34.8 for samples A and B, which is at least 2.8 times better than the measurements at 1 kHz.
The signal-to-noise ratio tests confirm previous studies demonstrating that measurements at higher frequencies (100 kHz in this study) are less susceptible to mechanical variations such as the bulk density of the seeds [6, 8] . Therefore, the SNR results indicate that lower frequencies may not be the optimal measurement frequency range, as the measurements at 10 kHz and 100 kHz provided better results.
2)
Correlation analysis To verify the strength of the nonlinear association between capacitance and moisture content, the Eta coefficient (η) was determined for the results shown in Fig. 2 . η is a correlation ratio developed to describe the curvilinear relationships between variables [14] and can be calculated as follows:
where SS between is the sum of squares between groups (capacitance measurements at different moisture contents) and SS total is the total sum of squares. The correlation between variables is considered to be strong when the η coefficient approaches 1. Table 2 shows the results of the Eta correlation coefficient for the tested samples.
The results indicate a strong correlation between the capacitance and soybean moisture content for all tested samples, as all coefficients were greater than 0.98. The measurements at 100 kHz presented the strongest correlation, with values close to 0.999 for both samples.
The correlation tests statistically confirm that the dielectric constant of soybeans is intrinsically associated with their moisture content, which has also been indicated by previous studies [6, 8, 9, 12, 13] .
B. Temperature Data
The experimental data were gathered to determine a simple temperature compensation system that can describe the relation among the capacitance (pF), temperature (°C) and moisture content (% -dry basis). For instance, Fig. 3 illustrates the results obtained for the data acquired for sample A at 100 kHz. Similar trends were observed for the other measurements.
The capacitance increases with the temperature as the moisture content is held constant (Fig. 3) . The same trends were previously observed for soybeans [13] and soybean flour [15] . In addition, the data in the chart (Fig. 3) indicate that the capacitive measurements tend to have a linear relationship for temperatures below 45 °C. The fluctuation in capacitance with temperature was almost negligible when the soybeans were completely dried (0% of MC), which is in agreement with previous studies [13] . In addition to the chart in Fig. 3 , Table 3 shows the capacitance values for measurements at 52 °C. The trends in Table 3 are in agreement with those shown in Fig. 3 . For example, the capacitance of sample A at 1 kHz was 1831 pF, while at 100 kHz, the capacitance was 181 pF.
C. Capacitive Measurement Model
To develop a model for estimating the soybeans' moisture content according capacitive and temperature measurements, the acquired data were used to perform curve fittings by polynomial interpolation. Polynomial models were used to establish a simple mathematical equation for calculating the moisture content with temperature compensation.
The moisture content (MC DB %) was considered a function of capacitance (C) and temperature (T) as n th and m th order nonlinear polynomial functions of C and T, respectively, as shown in Eq. (5) 
where f(C,T) is the function MC DB (%), C and T are the two independent variables and a nm represents the coefficients. Each model was applied to measurements at a given frequency. Four models were tested to determine the optimal fitted polynomial equation. Table IV presents the polynomial order for each model.
The fitted models considered the measured values with 95% confidence bounds. We then analyzed the developed models based on the maximum degree of the terms (m, n), the number of coefficients and the statistical adherence of the model against the measured data. We also used the RMSE and MR as statistical indicators to evaluate the exactness of the fitted models.
The RMSE is an indicator that evaluates the difference between the values predicted from a model and those observed experimentally. This indicator provides a good estimation for the accuracy of the developed model. The RMSE was calculated as follows:
where x a,i represents the observed values, x b,i is the value approximated by the polynomial model and n is number of points used in the approximation. The residuals of a fitted model represent the effective difference between the observed values and the values estimated from the model under the same conditions. The MR is the maximum difference found from the residuals in the measurement range. The MR was calculated as follows:
where x a,i is the observed value, x b,i is the value approximated from the model and n is number of points.
1) Curve fittings
We sought a general model that would work for both soybean samples A and B; thus, all of the data were considered for each curve-fitting model. Table V shows the results of the proposed statistical indicators for the fitted models in the three right-most columns under the respective frequency.
The calculated models provided the best fit to the measured data when the frequency was higher, regardless of the order of the polynomial model, which is in agreement with the trends presented by the SNR values shown in Table I . Model 3, when applied to the data at 100 kHz, provided the best curve-fitting result.
When the exponent of the temperature (T) was increased from 1 to 5, the exactness of the fitting showed little improvement. That is, the overall capacitance tends to be linear with respect to temperature, despite the nonlinear variation at the higher moisture content of 19.5%, as shown in Fig. 3 . This finding suggests that other mathematical models may be more suitable for fitting temperature variations.
For the sake of simplicity, one may prefer Model 3 for developing a measurement system with temperature compensation because it requires fewer coefficients and provides the best fit to the data when considering both the RMSE and MR. Table VI shows the fitted coefficients for Model 3. Figure 4 illustrates a three-dimensional plot of the data acquired at 100 kHz and the fitted surface for Model 3. A cylindrical capacitor was used as a sensing device to measure the moisture content of soybeans at different temperatures and frequencies. The measurements were carried out at low frequencies, namely, 1 kHz, 10 kHz and 100 kHz, to investigate their correlation with the soybeans' moisture content.
According to the repeatability and SNR results, the applied technique demonstrates that good precision is possible, especially for measurements at 100 kHz. Although the capacitive measurements at 1 kHz were larger in magnitude, the SNR analysis showed that the measurements at 100 kHz presented the best precision for measuring the moisture content of the seeds. According to the correlation tests, the capacitive measurements carried out at 100 kHz showed a stronger relationship with the moisture content. However, good correlation was also confirmed for the other two test frequencies (1 kHz and 10 kHz).
Models were proposed to measure the soybeans' moisture content with temperature compensation. A six-degree polynomial equation was found to be applicable for determining moisture contents up to 20% for temperatures between 25 °C and 52 °C. In the current study, an overall deviation of less than 1% in MC was reached for the 100-kHz measurements (with a MR of 1.7% of MC DB ). Additional measurements may be required to confirm the accuracy for other soybean varieties.
It was found that the two tested soybean varieties presented similar behavior in terms of the correlation ratio, SNR and temperature analysis.
The results show that a low-frequency capacitive sensor with temperature compensation is feasible with the proposed models. With further improvements, this approach may enable the development of a practical instrument. Both the instrument and the feedback controlling system could be valuable tools in drying and processing soybeans.
Future studies on methods for measuring the capacitance of seeds moving and flowing inside the capacitor walls may help to evaluate the behavior of the capacitive sensor under conditions similar to those of a dryer. 
